Abstract: Enhanced understanding of host-pathogen interactions at local sites of infection will extend our knowledge of disease pathogenesis and will facilitate the development of novel preventive methodologies against many infectious diseases of economic importance. In the current study, a 9.6K avian intestinal intraepithelial lymphocyte cDNA microarray (AVIELA) was developed to compare the local transcriptional profiles following primary and secondary infections with two major Eimeria parasites, E. acervulina (EA) and E. maxima (EM), which infect the intestinal duodenum and jejunum, respectively. Gene Ontology analyses showed that EAinfection primarily induced genes associated with lipid metabolism and intracell ular trafficking whereas EM infection upregulated the genes involved in protein biosynthesis and metabolism, and downregulated apoptosis related genes. Following primary EA infection, there was a significantly enhanced expression of genes involved in the signal pathway of T cell activation and cytoskeletal regulation. Thus, the AVIELA array provides a valuable tool for investigating host-pathogen interactions in avian coccidiosis and allows for the comparison of the transcriptional regulations induced by species of Eimeria that infect different areas of the intestine.
INTRODUCTION
The apicomplexan protozoa Eimeria causes avian coccidiosis, the major parasitic disease of poultry. The growth and feed utilization of infected birds are seriously impaired by coccidiosis resulting in huge economical loss to the poultry industry worldwide [1] . Current disease control methods depend on the prophylactic medication and vaccination with live and attenuated parasite vaccines [2] . However, due to increasing regulations on the use of drugs in animal production, there is a timely need for the development of novel control strategies against this disease.
An understanding of the nature of protective immunity against coccidiosis is extremely important for the development ofnovel vaccines. Eimeria parasites undergo intracellular development in the epithelial cells in the gut, eliciting a wide spectrum of immune responses at the local level [3] . Intestinal mucosal surfaces are defended against enteric pathogens by the gut-associated lymphoid tissues (GALT), which mainly consist of intraepithelial lymphocytes (IELs) involved in defence against enteric pathogens [3] . Following infection with Eimeria, the number of gut IELs expressing the CD3, CD4, and CD8 T cell markers, as well as the a 13-T cell receptor (a-TCR) and y3-TCR, were significantly increased [4] . However, only CD4+ cells remained elevated following secondary infection suggesting that this subpopulation of intestinal T lymphocytes is involved in local defence against coccidiosis. Recent technological advances in functional genomics and systems biology are opening new doors for animal health and disease research. In particular, during the last five years various microarray platforms using oligonucleotides or cDNAs with high or low densities have become available for animal health research. Recently, our laboratory utilized several different microarray platforms to explore global transcriptional responses and protective immune mechanisms in avian coccidiosis [5, 6] . Using a T lymphocyte cDNA microarray, the expression of several cytokine genes was examined following E. acervulina (EA) and E. maxima (EM) infections [5] . Furthermore, a 4.9K avian macrophage microarray (AMM) was used to profile transcriptional responses of macrophages infected with three major Eimeria species [6] . In an effort to investigate local gene regulation associated with coccidiosis in poultry, we developed an avian intestinal intraepithelial lymphocyte eDNA microarray (AVIELA) using 9,668 expression sequence tags (ESTs) that were selected from a previously cloned eDNA library developed from IEL of Eimeria-infectedchickens [7] . In this report, it is demonstrated that this AVIELA array provides a valuable tool for examining local transcriptional responses following primary or secondary infections with Eimeria parasites.
MATERIALS AND METHODS

Preparation of the AVIELA microarray
J he avian intestinal intraepithelial lymphocyte (IEL) cDNA microarray (AVIELA) was constructed with 9.608 ESTs selected from the previously prepared 14, 409 IEL clones [7] . The elements were organized into duplicate subarrays, each as a 21 x 21 spot grid. Amplified and purified eDNA PCR products were spotted duplicate after resuspension in 3X SSC with 0.01% SDS (IX = 150 mM NaCl, 15 mM sodium citrate, p11 on glass slides (Telechem International) using an OmniGrid Accent spotter (GeneMachines) The PCR were fixed to the slides by UV cross-linking at 400 mJ and spotting qualit y was evaluated by SYBR-I staining (Invitrogen).
Animals, parasites, and experimental infection
tilized eggs of White Leghorn SPAFAS chickens (Charles River Laboratories, Wilmington, MA) were at the Animal and Natural Resources Institute (Beltsville. MD). The chickens were divided into eight I (12/group) for EA or EM infections. For primary infection, 3 groups of chickens at 3 weeks of age re orallyinoculated with I x 104 sporulated oocvsts/chicken. For secondary infection, a separate three i!fl 000}% ' : d tIi oioo nrrIoir\ 1 infection at 6 weeks of age with 2 x 104 -I ininfected controk
RNA preparation and microarray hybridization
At 1, 2. and 3 days post-primary or post-secondary infection, and at day 0 for uninfected animals, 1EL' were isolated from the duodenum or jejunum from EA-or EM-infected chickens, respectively, as previously described [ 7 ] .
IEL5 from each group were pooled, total RNA was prepared using TRizol (Invitrogen) and the RNeasy Mini RNA Purification Kit (Qiagen), and aminoallyl cRNA was prepared using the Amino All\I Message Amp II aRNA Amplification Kit (Ambion). Twenty gg of each aminoallyl cRNA was labeled with AlexaFluor 555 or AlexaFluor 647 dyes (Invitrogen). A simple loop design was employed [8] for hybridization which was performed at 50°C overnight. The slides were scanned using a ScanArray Lite (PerkinElmer).
Data acquisition and analysis, and bioinformatics
Spot data were acquired using ScanArray Express software (PerkinElmer) and quality control (QC) was maintained by acquisition of data from spot intensities greater than the background plus 2 standard deviations. The data was normalized with block lowess using MIDAS 2.19 (http://www.tigr.org ) and imported into GeneSpring GX 7.3 (Agilent) for expression and statistical analyses. Elements exhibiting greater than a 2.0-fold change during at least one of the three time points were analyzed by ANOVA (P<0.05 with Benjamini and Hochberg False Discovery Rate (FDR)) [9] . For identification of the AVIELA ESTs, a Blast search was applied and sequence files such as chicken genome and reference RNA were obtained from NCBI (http://www. ncbi . nlm . nih.gov ). Chicken Entrez gene identities were mapped to Homologene ID for human, which were used for Gene Ontology (GO) analysis and pathway classification with the Panther database [10] .
RESULTS
To identify the transcriptional differences of genes modulated in primary or secondary infections with EA or EM, microarray data from 0 to 3 days post infection were extracted and normalized, followed by statistical analyses on elements with greater than 2-fold change. As shown in Figure 1 , 87 and 26 of the AVIELA elements (i.e. genes and EST5) were significantly upregulated in primary and secondary EA infections, respectively (P<0.05 with FDR). In EM infection, 50 and 41 of the array elements were elevated in primary and secondary infections, respectively. Significantly, there were 75 and 108 downregulated elements in primary and secondary EA infections, and 17 and 220 in primary and secondary EM infections, respectively. Fold change analysis indicated that upregulation of gene expression was dominant in primary EA infection, and downregulation was dominant in secondary EM infection.
Comparative functional classification of gene profiles provides the basic information on host-parasite interaction and pathogenic mechanisms during coccidiosis. The significantly changed host genes, excluding singleton ESTs from expression profiles in EA or EM infections, were mapped to biological process terms of GO definitions in the Panther database (http://www.pantherdb.org ). As shown in Figures  2A and 213 , GO mapping results showed that the changes of biological processes were dependent on the total number of 2-fold changed genes in EA or EM infections. The genes involved in protein metabolism and development, differentiation, and proliferation were more induced in primary EM infection than other infections. Interestingly, only after primary and secondary EM infections, nucleotide metabolism related genes were upregulated whereas these genes were decreased following primary EA infection. The genes involved in immunity and defence, and apoptosis were not differentially induced between EA or EM infections, but they were more downregulated in EM infection.
To find statistically significant changes associated with the biological function of genes involved in EA and EM infections, GO and signal pathway information were analyzed using expression analysis tools from the Panther database. The Bonferroni correction (P< 0.1) for multiple testing was applied to determine statistical significance of functional change. As shown in Table 1 , four biological processes involving induced genes and one involving reduced genes were significantly changed during Eimeria infection. Primary EA infection was responsible for induction of the genes involved in lipid, fatty acid, and cholesterol metabolism. Secondary EAinfect ion was associated with upregulation of Intracellular trafficking genes. The genes involved in biosynthesis and metabolism of protein were significantly upregulated in primary EM infection. Furthermore, downregulated gene function was observed in the apoptosis process following primary EM infection. Significant differences in signalling pathways were observed with the genes involved in cytoskeleton regulation and T cell activation pathways in primary EA infection (Table 2) .
DISCUSSION
Using the AVIELA chip, we report that host transcriptional responses show significant changes in gene functions following primary and secondary EA and primary EM infections (Table 1) . First, lipid metabolism related genes were elevated in primary EA infection. Lipids and fatty acids are important organic molecules that are needed for cell membrane synthesis and energy metabolism. Furthermore, these molecules are precursors of inflammatory mediators, suggesting an important role of lipid metabolism-related genes in Eimeria infection. ALOX5AP is required for production ofleukotrienes, which are implicated in various types of inflammatoryrelated diseases [11] . Secondary EA infection was associated with enhanced expression of genes involved in intracellular trafficking. GARNLJ, CANX, and COPA are involved in endocytosis/exocytosis and MTMR1 in vesicle transport processes 1101. Generally, following secondary infection with Eimeria, nutrient uptake in the intestines is higher than with primary infection. Therefore, upregulation of these genes after secondary infection might be related to balancing gut functionality. Interestingly, 3 genes involved in apoptosis were downregulated in primary EM infection.
LGALS3 and STAT3 have anti-apoptosis activity and suppression of these genes induced apoptosis [12, 13] . Therefore, downregulation ofLGALS3 and STA T3 might be related with acute phase pathogenesis by stimulation of host cell death during primary EM infection.
The significant expression changes in T cell activation pathway genes also were observed in primary EA infection (Table 2 ). During T cell development, the CD3D protein plays an important role in the transition of thymocytes from immature precursors to the mature CD4 or CD8 positive T cells [14] . Previously, we reported that the number of CD8* T cells was increased in the duodenum during primary EA infection [15] . Thus, elevated CD3D expression supports our previous findings. RAC2 and PRKCH are involved in cell motility and transendothelial migration and their upregulation suggests enhanced activation of T cell migration toward the duodenum during primary EA infection. 
CONCLUSION
During primary or secondary infection with EA or EM, profound function changes in host transcriptional responses occurred in the gut. Following primary E infection, genes associated with lipid/fatty acid/steroid metabolism, T cell activation, and cytoskeletal regulation were modulated, implicating their involvement in the local host response to the protozoa. The 9.6K AVIELA array provides a valuable tool in the analysis of local host transcriptional regulation in avian coccidiosis and the application of this technology to the study of other enteric pathogens will expam our knowledge of the innate host defence system in poultry.
